Rat liver glutamine synthetase (s2aw,, 15 Glutamine synthetase catalyzes a reaction of considerable significance in the nitrogen metabolism of many cells. Therefore, the synthesis of glutamine is an important pathway for the utilization of ammonia. Furthermore, glutamine serves as a building block of protein, as a nitrogen donor in various biosynthetic pathways, and as a source of ammonia (1). It would be expected that glutamine synthetase would be regulated by mechanisms related to the functions of glutamine in a particular cell type. Stadtman (2), Holzer (3), and their colleagues have carried out extensive studies on the regulation of Escherichia coli glutamine synthetase and have found that this enzyme is subject to modulation by mechanisms involving covalent attachment of adenylyl residues and cumulative feedback inhibition by the end products of glutamine metabolism. No such regulatory mechanisms have been found for the ovine brain glutamine synthetase, which has been studied in this laboratory (4); this is not surprising since the function of the brain enzyme, which must certainly be quite different from that found in E. coli, seems to be closely associated with the metabolism of glutamate and y-aminobutyrate, which are 781 probably neurotransmitters. The activity of the brain enzyme is known to be affected by the relative concentrations of various nucleotides and metal ions (5-8), and it has been suggested that metal-ion interactions may be of significance in the control of this enzyme (8). In the present work, we have purified rat liver glutamine synthetase and have examined some of its properties, especially in relation to regulatory phenomena. MATERIALS Unlabeled and [35S]L-methionine-SR-sulfoximine were prepared by Dr. S. L. N. Rao of this laboratory. ['4C-methyl]jmethionine-SR-sulfoximine was obtained as described (9, 10). Ovine brain and pea glutamine synthetases were prepared and kindly made available to us by Drs. W. Bruce Rowe and Y. Tsuda of this laboratory. The unlabeled nucleotides, amino acids, and a-ketoglutarate were obtained from Sigma Chemical Corp.
Glutamine synthetase catalyzes a reaction of considerable significance in the nitrogen metabolism of many cells. Therefore, the synthesis of glutamine is an important pathway for the utilization of ammonia. Furthermore, glutamine serves as a building block of protein, as a nitrogen donor in various biosynthetic pathways, and as a source of ammonia (1) . It would be expected that glutamine synthetase would be regulated by mechanisms related to the functions of glutamine in a particular cell type. Stadtman (2) , Holzer (3) , and their colleagues have carried out extensive studies on the regulation of Escherichia coli glutamine synthetase and have found that this enzyme is subject to modulation by mechanisms involving covalent attachment of adenylyl residues and cumulative feedback inhibition by the end products of glutamine metabolism. No such regulatory mechanisms have been found for the ovine brain glutamine synthetase, which has been studied in this laboratory (4); this is not surprising since the function of the brain enzyme, which must certainly be quite different from that found in E. coli, seems to be closely associated with the metabolism of glutamate and y-aminobutyrate, which are 781 probably neurotransmitters. The activity of the brain enzyme is known to be affected by the relative concentrations of various nucleotides and metal ions (5) (6) (7) (8) , and it has been suggested that metal-ion interactions may be of significance in the control of this enzyme (8) . In the present work, we have purified rat liver glutamine synthetase and have examined some of its properties, especially in relation to regulatory phenomena. MATERIALS Unlabeled and [35S]L-methionine-SR-sulfoximine were prepared by Dr. S. L. N. Rao of this laboratory. ['4C-methyl]jmethionine-SR-sulfoximine was obtained as described (9, 10) . Ovine brain and pea glutamine synthetases were prepared and kindly made available to us by Drs. W. Bruce Rowe and Y. Tsuda of this laboratory. The unlabeled nucleotides, amino acids, and a-ketoglutarate were obtained from Sigma Chemical Corp.
METHODS
Glutamine synthetase activity was measured by the y-glutamyihydroxamate procedure (6) except that 0.1 M imidazole* HCl buffer (pH 7.2) was used. The reaction was also monitored by phosphate determinations (11) in reaction mixtures containing NH4Cl (40 mM). The Mn++-dependent activity was generally measured in the presence of 2 mM MnCJ2. Protein was determined by the method of Lowry et al. (12) with crystalline bovine serum albumin as standard.
Polyacrylamide gel electrophoresis was performed (13) on 4% gels in a buffer (pH 7.2) composed of Tris (0.06 M)-
and on 6% gels in a continuous buffer system containing Tris (0.05 M; adjusted to pH 8.5 with acetic acid)-sodium dodecylsulfate (0.1%, w/v). The gels were prepared as described (14) and stained with Coomassie blue.
Isolation of rat liver glutamine synthetase
The enzyme was isolated from fresh rat liver by a modification of the method used for isolation of ovine brain glutamine synthetase (15) . The livers (50 units/g) were homogenized in a Waring Blendor and extracted with 4 vol of 0.15 M KCI containing 5 mM 2-mercaptoethanol and 1 mM EDTA (pH 7.2). The cell-free extract was obtained and processed as described (15) except that DEAE-cellulose chromatography was performed in imidazole-EDTA buffers, followed by chromatography on Sephadex G-100. The final preparation was about 300-fold purified; overall yield, 20%; specific activity, 134 units/mg. Details of this procedure will appear in a subsequent publication. RESULTS
Properties of rat liver glutamine synthetase (20) were used as standards. The dissociated monomers of the rat liver, ovine brain, and pea glutamine synthetases moved as single discrete bands on the gels. A molecular weight of 44,0006 ± 2,000 was obtained for the monomer of rat liver enzyme; the values for the brain and pea enzymes are 49,000 4= 3,000 and 45,000 ± 2,000, respectively. Recent equilibrium ultracentrifuge studies (S. Wilk and R. Haschemeyer, unpublished data) on the ovine brain enzyme indicate that the molecular weight of the native enzyme is about 400,000, a value consistent with the view that the enzyme is composed of eight polypeptide chains of molecular weight about 49,000. These stud- (20) 114 (108) 140 (113) Glycine (20) 42 (90) 99 (93) i-Alanine (20) 52 (85) 105 (95) D-Alanine (20) 37 (63) 81 (94) L-Serine (20) 61 (92) 114 (120) fl-Alanine (20) 57 (94) 105 (100) AMP (10) 93 (97) 99 (96) CTP (4) 77 113
DPN (10) 110 (108) 120 (107) Carbamyl phosphate (10) 31 (23) 88 (95) D-Glucosamine-6-phosphate (9) 94 (107) 111 ( (21) . It may thus be concluded that the conformation of iglutamate at the active site is similar to that deduced for the brain enzyme, i.e., L-glutamate attaches in an extended conformation in which its a-hydrogen atom is directed away from the enzyme (21) .
Previous studies (9, 10, 22) showed that the convulsant methionine sulfoximine is an irreversible inhibitor of the brain enzyme by virtue of its ability to attach to the glutamate-and ammonia-binding sites of the enzyme; thus, when methionine sulfoximine is incubated with enzyme, ATP, and metal ions, it is converted to methionine sulfoximine phosphate, which is tightly attached to the enzyme. Of the four optical isomers of methionine sulfoximine, only imethionine-S-sulfoximine inhibits ovine brain (23), mouse brain (24) , and liver (24) glutamine synthetases and causes convulsions in mice (24) . Rat liver glutamine synthetase is also inhibited irreversibly by methionine sulfoximine, and methionine sulfoximine phosphate was identified in the present work as the enzymebound product. Experiments were performed in which the Regulation of rat liver glutamine synthetase A large number of compounds were tested as possible effectors of the enzyme's activity; the effects of some of these on Mn++-and Mg++-dependent glutamine synthetase activity are given in Table 1 . (Comparative data on ovine brain glutamine synthetase are included.) The liver enzyme is significantly activated by a-ketoglutarate, and less so by citrate, in the presenceof Mg++or Mn++; a-ketoglutarate increased activity by about two-fold (Fig. 1) . Other compounds including isocitrate, pyruvate, glyoxylate, phenylpyruvate, and succinate had no effect. A survey of amino acids revealed that glycine, L-alanine, and -serine inhibited the Mn++-dependent activity, while the Mg++-dependent activity was not affected by these compounds. It is curious that the rat liver enzyme is inhibited by D-alanine and ,3-alanine; indeed, D-alanine inhibits more than -alanine. -Aspartate, iasparagine, -histidine, and 'y-aminobutyrate (each 20 enzyme to a small extent, while AMP, UTP, and UMP had no effect. Carbamyl phosphate markedly inhibited the liver and brain enzymes in the presence of Mn++; the Mg++-dependent activity was less affected. D-Glucosamine-6-phosphate did not significantly affect the activities. The effect of increasing concentrations of glycine, -alanine, and D-alanine on the activity of the liver enzyme at saturating concentrations of glutamate and ATP is described in Fig. 2A . Inhibition is maximal at about 70%. When either ialanine was added to mixtures containing saturating concentrations of glycine, or the reverse, there was no further inhibition. Inhibition by glycine and alanine increases as glutamate concentration increases ( MnCI2,mM (Fig. 3) (26) .
The striking activation of the liver enzyme by a-ketoglutarate (with either Mn++ or Mg++) seems to provide a cellular mechanism by which "excess" a-ketoglutarate produced by (Fig. 4) . It is pertinent to note that the effect of a-ketoglutarate in increasing the glutamine formation in E. coli is mediated indirectly by stimulating deadenylylation to produce more active enzyme and by inhibiting adenylylation (2, 30) . Our studies indicate that about 4 mol of methionine sulfoximine is bound per mol of totally inactivated rat liver enzyme, which has eight subunits. Although this interesting finding requires further investigation, we may consider several possible explanations: (a) binding of inhibitor to half the active sites influences the remaining, sites so as to prevent them from combining with substrate, (b) during isolation half of the enzyme's sites are inactivated, and (c) the enzyme normally uses only four subunits for catalysis, the remainder having been modified through evolution to function in regulation. The inhibition by j3-alanine, glycine, L-and D-alanine may reflect steric resemblance between these compounds and those that can bind to the glutamate site (e.g., D-glutamate, ,-glutamate).
Finally, we may compare some properties of the glutamine synthetases that have been isolated from various sources ( Table 2 ). The bacterial enzymes are dodecameric and have molecular weights of about 600,000, while the brain, liver, and pea enzymes have eight subunits and lower molecular weights; however, all of the enzymes have subunits of about the same size. In addition, they all exhibit qualitatively the same substrate specificity and are inhibited by L-methionine-S-sulfoximine. Thus, the active catalytic sites of these enzymes (and the mechanisms of the reactions catalyzed) are probably quite similar. That the enzymes vary with respect to control mechanisms is consistent with known differences in their intracellular functions. It is conceivable that brain glutamine synthetase has functions that relate to neurotransmission as well as to metabolism; possibly there are two types of glutamine synthetase in the brain. The E. coli enzyme is the only glutamine synthetase known to occur in an adenylylated form, and only the rat liver glutamine synthetase is markedly activated by a-ketoglutarate. Nevertheless, the inhibitions by glycine, Lalanine, and carbamyl phosphate are fairly constant phenomena, as is sensitivity to Mn++. It seems probable that Mn++ plays a central role in the regulation of the activity of glutamine synthetase.
